A device has been invented for protein crystallization by sandwiching the liquid droplet between two surfaces, in which both hydrophilic and hydrophobic surfaces can be used as crystallization substrates. Comparing with the traditional hanging drop method, it can also reduce the evaporation rate of the liquid droplet and provide a stable environment for the crystal growth. In this work, crystal growth experiments for several proteins, especially on the hydrophilic substrate of mica, have shown the positive effect on crystal growth for improving crystallization conditions and the quality of crystals. The features of this new sandwich method and its mechanism have also been discussed.
Introduction
The growth of crystals suitable for X-ray crystallography is found to be the bottleneck in the protein structure determination process. This fact is becoming more and more obvious from pilot structural genomics projects, which show that the success rate from clone to structure is only 10% (http://proteome.bnl.gov/progress.html). Many efforts have been made by different laboratories to improve the process of protein crystallization and the efficiency of crystal growth. For a long time, the task of overcoming the bottleneck to produce suitable crystals is tackled by two approaches: one concentrates on the fundamental understanding of inherent mechanism of protein crystal growth [1, 2] , hoping to efficiently optimize the crystal growth conditions; the other focuses on the continuous improvement of protein crystallization method, with a view to develop a kind of universality method for protein crystal growth [3] [4] [5] .
According to the theory of crystal growth, more stable the system in the crystal growth process, more conducive to high-quality crystal growth [6] . System stabilization includes the physical stabilization of liquid drop by slowing down the micro-circulation and isolating from external disturbance, and a slow change on the concentration of solution during the entire crystallization process (especially the critical nucleation stage), and so on. As heterogeneous nucleation and epitaxial growth are effective for inorganic crystal growth, a wide range of materials, such as mineral surfaces [7, 8] , lipid layers [9] [10] [11] [12] , porous silicon [13] , chemically modified mica surfaces [14, 15] , protein thin film [16] , and templates of poly-L-lysine surfaces [17, 18] , have been tested as substrates for protein crystallization, but none has been shown general effectiveness.
In this work, we have developed a new device for sandwich method of crystallization, by which the protein crystals can grow on hydrophilic or hydrophobic substrates. For the first time, the hydrophilic mica surface is introduced into protein crystal growth experiments as a substrate. Comparing with the sandwich method of the Hampton Research, the device used here can use various materials as crystallization substrates and is easy to manipulate. Crystal growth experiments of hen egg white lysozyme (HEWL) and trichosanthin (TCS) have shown that in the same experimental conditions, this method can not only improve the quality of crystals but also relax the crystallization conditions required for crystal growth. Particularly, this new sandwich method has been used for the crystallization of a membrane protein of proteorhodopsin (PR), and the quality of crystal diffraction has been improved obviously. Moreover, the mechanism of protein crystal growth process is also discussed in this paper.
Materials and Methods
Materials HEWL was purchased from the Shanghai Bo'ao Biotechnology Company (Shanghai, China) (the protein for normal crystallization needs to be further purified by desalting column). TCS was extracted from the root tuber of the perennial plant Trichosanthes kirilowii Maxim (Cucurbitaceae), provided by Professor Zongxiang Xia of the Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences (Shanghai, China). The membrane protein of PR used in the experiment was purified in our lab. Mica (muscovite) was purchased from the Sichuan Ya'an Mica Company (Ya'an, China).
Preparation of purified HEWL and PR First, 100 mg/ml HEWL samples were deposited to the desalting column. When the sample entered the gel completely, a complementary volume of 10 mM sodium acetate (pH 4.8) was deposited to reach the void volume and the excluded protein was collected and concentrated to 11.3 mg/ml.
The membrane protein used in the experiment was purified using the following procedure. Briefly, the harvested membrane fraction was solubilized with 50 mM 4-(2-hydroxyerhyl)piperazine-1-erhanesulfonic acid (HEPES) buffer (pH 7.0) containing 2% (w/v) n-dodecyl-b-D-maltoside (DDM) and 150 mM NaCl. Then the supernatants were applied onto an Ni-NTA (Amersham Biosciences, Piscataway, USA) column. The column-bound proteins were washed and eluted in buffer A [50 mM HEPES (pH 7.0), 150 mM NaCl, 0.1% (w/v) DDM] containing 50 and 300 mM imidazole, respectively. For further purification, the fractions were applied onto a HiLoad 16/60 Superdex 200 (GE Healthcare, Piscataway, USA) size-exclusion column equilibrated with buffer A. The purified proteins were concentrated to 20 mg/ml for crystallization trials.
Crystallization setup
The crystallization device consists of a silanized glass cover slip (SGCS) and a freshly cleaved mica sheet. Briefly, the crystallization drop is first dispensed on the SGCS, and then the other substrate is covered over it. With the help of two fixed capillaries on SGCS, the drop could be held between the two parallel substrates by the liquid surface tension. Then, the cover slip is inverted over a well of solution containing precipitating agent at twice the concentration of the droplet and sealed with silicone grease. The height of the droplet in this device can be adjusted by using the capillaries of different diameters. The droplet contains 3 ml of protein stock solution mixed with 3 ml of reservoir solution. As shown in Fig. 1(A) , the upper substrate is the SGCS and the lower is the mica sheet. Between them are capillaries fixed by glue to connect two substrates. Here, we used the conventional hanging drop method as control [ Fig. 1(B) ]. The process of the experiment is recorded by a digital camera.
Crystallization experiments
Crystallization trials on HEWL (used directly without further purification) and TCS were carried out at 188C, and that on PR was carried out at 48C. To improve the statistics and reliability, each experiment was repeated at least three times using same samples. The starting conditions of crystallization are shown in Table 1 .
Results
Crystal growth experiments on several proteins (HEWL, TCS, and PR) indicated that the quality of crystals grown by the sandwich method was obviously better under the same conditions. Figure 2 shows the result of the unpuri- Sandwich method for protein crystallization and its effect on crystal growth fied HEWL crystals grown by the traditional hanging drop method and the sandwich method. Nothing but amorphous precipitate appeared in the hanging drop method, whereas crystals with good morphologies appeared in the sandwich method under the same conditions, which can diffract to high resolution as normal HEWL. As control, we repeated this experiment with purified HEWL ( purified with desalting column), and both the methods could obtain highquality crystals. Figure 3 shows the results of TCS crystallization by both methods under different pH conditions. When the pH value is 5.4, both of them can obtain crystals [ Fig. 3(A1,B1) ]. When the pH value is reduced to 4.6, polycrystalline crystals occur in the hanging drop method [ Fig. 3(A2) ] and the crystals still have good morphology in the sandwich method [ Fig. 3(B2) ]. When the pH value is further reduced to 4.0, which is too low to crystallize TCS in the hanging drop method [ Fig. 3(A3) ] and there are still crystals grown on the mica surfaces [ Fig. 3(B3) ].
The crystallization experiments of PR, whose structure is still unknown, indicate that the sandwich method can screen out more valid conditions for further optimization than the control. In certain experimental conditions, nothing except precipitant occurs in the hanging drop method [ Fig. 4(A1) ], whereas there are crystals appeared in the new sandwich method [ Fig. 4(B1) ]. After the crystallization condition was further optimized, crystals can also be obtained by the hanging drop method [ Fig. 4(A2) ], but their diffraction ability is rather poor, which is 16 Å shown in Fig. 4(A3) . Under the same conditions, the diffraction ability of the crystals grown in the new method [ Fig. 4(B2) ] has been improved to 7 Å [ Fig. 4(B3) ]. The X-ray diffraction images of the crystals were collected by the standard single axis oscillation method on beamline BL17U1 of Shanghai Synchrotron Radiation Facility (Shanghai, China). The optimizing experiments for this protein are still ongoing.
Through the observation of the crystals (TCS and PR) grown by both methods, we have found that crystals grown in the hanging drop method are mainly suspended in solution, whereas those crystals grown in the new sandwich method are almost all adsorbed on the mica surface which do not move easily when we touch them lightly with a nylon loop.
Discussion
Crystallization process proceeds in two rather distinct but inseparable steps, i.e. nucleation and growth. The threshold of the protein concentration required for nucleation is higher than the concentration required for crystal growth [19, 20] . For the vapor diffusion technique (Fig. 5) , the supersaturation for nucleation is achieved by vapor diffusion through protein drop to the reservoir. Once a stable nucleus appears in a supersaturated solution, it will proceed to grow until the system regains equilibrium. At this time, the concentration of the protein in the solution is governed by two contrary kinetic factors. On the one hand, the increasing concentration of precipitant will increase the degree of supersaturation of the protein solution; on the Sandwich method for protein crystallization and its effect on crystal growth other hand, the nucleation and the crystal growth processes reduce the protein concentration in solution. Therefore, at the initial stage of nucleation, the protein concentration in solution is affected by three factors such as the vapor diffusion rate, the nucleation rate, and the crystal growth rate. It is ideal for crystallization that the nucleation occurs at a lower concentration and then the concentration of protein in solution will drop down into the metastable zone (Fig. 5, line 1) , where crystal growth occurs without forming more nuclei. If the vapor diffusion is too fast, the solution would be very easy to enter into the precipitation area with the increase in the protein concentration (Fig. 5,  line 2) . Reducing the speed of the vapor diffusion and the degree of supersaturation for nucleation is an effective measure for improving the crystallization [21] .
The vapor equilibration or evaporation rate is known as a function of several factors, including the distance from the protein droplet to the reservoir, the surface area of the reservoir, the volume occupied by the vapor, the temperature, and the difference in the vapor pressures of the protein droplet and reservoir [22 -27] . Here, compared with the conventional hanging drop method, the sandwich method allows the control of the supersaturation by changing the surface area of the drop through adjusting the diameter of capillary, while keeping other factors constant.
Herein, let C(r) be the moles per cubic centimeter of water vapor in the air space at a distance r, and D be the diffusion coefficient of water vapor in air. The molar flux, J(r) (mol cm 22 s 21 ), leaving the droplet, is given by Fick's first law [Equation (1)]:
The molar current I, exiting the droplet, is AJ(r), where A is the mass transfer area for vapor diffusion over the droplet [22] . Under the same condition, J 1 (r) in the conventional hanging drop method is equal to J 2 (r) in the sandwich method, ignoring edge effects. So the molar current I will be mainly determined by the surface area of droplet. As A 1 . A 2 with the same volume, the evaporation rate of water in the sandwich method will be lower than that in the hanging drop method. For the sandwich method, the external disturbance and the convective current are reduced dramatically, which is conducive to nucleation. More importantly, the interactions Figure 4 Microscopic images of the screening experiment for PR crystallization in the hanging drop method (A1 and A2) and in the sandwich method (B1 and B2) A3 and B3 are the diffraction images of crystals growing from A2 and B2, respectively. Figure 5 Protein vs. salt concentration profile in the evaporation experiment as the solvent evaporates and crystal forms [20] The dashed line '1' represents the equilibrium process of the ideal state at a relatively low supersaturation of protein; and solid line '2' represents the equilibrium process at a relatively high supersaturation of protein.
Sandwich method for protein crystallization and its effect on crystal growth between the protein molecules and the hydrophilic substrate may increase the protein concentration near the hydrophilic surface and induce the nucleation when the protein concentration in the bulk solution is still lower than the threshold required for the nucleation. This explains why we can obtain better quality of crystals for several proteins in this method. That is to say, nuclei can be grown into crystals in a relatively ideal environment.
Previous studies have indicated that the hydrophobicity/ hydrophilicity of substrate could induce the self-assembly of peptide nanofilaments in a different way [28] . As only hydrophobic materials can be used as crystallization substrates in the hanging drop method, there was rarely any report about the effect of hydrophilic materials on the protein crystal growth before. Here, in this paper, we have shown the positive effects of hydrophilic substrates on protein crystal growth.
In this paper, we present a new sandwich method, which can introduce hydrophilic/hydrophobic materials as crystallization substrates. This sandwich method can reduce the evaporation rate of vapor effectively and provide a stable environment for the crystal growth. Crystallization experiments of several proteins indicate that this method can improve the process of crystal growth, which is beneficial to high-quality protein crystal screening. In view of the complexity of protein interactions, the crystallization conditions required for each protein is different and very demanding. To make this method effective and efficient for a variety of proteins, it still requires further studies and the deep insight into the molecular mechanism of crystallization.
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